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ABSTRACT
Heterogeneous .deformation is present in most of the metal forming processes,
especially those which involve high amounts of plastic strain. This strain localization is
responsible for the formation of microstructural gradients. These gradients are
manifested in terms of variations in grains' size, shape, mechanical properties, and
orientation. These characteristics .are measured ·by light optical microscopy (LOM),
microhardnesstests, and electron backscatter diffraction (EBSD).
. The microstructural characterization and evaluation was performed on three
different samples. The first shape was a solid extrudate with a non-uniform cross
. sectional profile. This piece has a heavy section attached to two thin legs. Geometrical
variations are a source of localized deformation. Structural variations were observed
from the outside surface to the center of the heavy section. Observations were also made
of areas from the legs, which underwent high localized strain. Two extrusion.,.welded
samples were examined to investigate the localized defopnation in the vicinity of the
longitudinal weld. One sample was a simple rectangular profile, which was extruded
with a very low extrusion ratio using controlled, test parameters. The other extrudate was
a complex shape that was deformed under typical industrial conditions.
The propensity of the grains to recrystallize was heavily dependent upon the
localized strain. Recrystallization occurred at very high localized deformation whereas
grain growth occurreq for low deformations. Areas that had an intermediate level of
deformation possessed the deformed microstructure. This behavior is due to the complex
interaction of the thermal and mechanical processes.
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1.0 INTRODUCTION
1.1 Aluminum Extrusion Background
1.1.1 ExtrUsion Process Fundamentals
Forming processes are necessary to convert cast ingots into basic fonns that have
typical wrought microstructures. The shape of the metal piece is changed by plastic
defonnation. This defonnation must be induced by an external stress, the magnitude of
which must exceed the yield strength of the material. Ductile metals have the ability to
.-
flow plastically in the solid state. The force required to deform a material is dependent
on the amount ofdeformation required and also the geometry ofthe workpiece.1-2
Extrusion is the fonning process whereby a block of material (usually called a
billet) is reduced incross section by forcing it to flow, under high pressure, through an
opening in a die. The billet is continuously deformed into a long length ofmaterial with
a unifonn cross section. The extruded piece that emerges has the desired shape, which is
defined by the die orifice. The reduced cross sectional area leads to a large increase in
the length of the part in relation to the starting billet. Depending on the material, cross
sections of varying complexity can be extruded. The products of the extrusion process,
known as extrudates, are long straight pieces that may take the fonn of strips, wires, bars,
solid shapes, tubes, or hollow profiles. These produCts require minimal finishing;
therefore, extrusion is a "near net shape" process with little waste.2-6
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In extrusion, an imposed hydrostatic compression stress is developed by the
reaction of the workpiece (billet) with the container and die. Unequal compressive·
stresses are used. to create shear stresses. The combined compressive stresses are
.effective in reducing the cracking .of the billet during the deformation process. Thus
large plastic deformations are possible withoutfailure.1
When deformation is achieved at a temperature above that at which
recrystallization occurs, the process is termed hot working; otherwise it is cold working.
Most metals are extruded hot to facilitate plastic deformation. With increasing
temperature there is a decrease in flow stress or deformation resistance. The deformation
energy requirements are less than for cold working and large strains are possible.
Because of the extensive deformation produced in extrusion, considerable internal
heating ofthe metal also results.3
The two main types .of extrusion processes are indirect (also called back or
inverted) and direct (forward) extrusion; they are both illustrated in Figure 1. For indirect
extrusion, there is no relative displacement between the billet and the container. Thus
the process is relatively time independent. Typically, for most indirect extrusion
processes, the die is at the ram end of the stock and the product travels in the direction
opposite that of the ram, either around the ram or up through the center of a hollow ram.
However, there are novel approaches where the container and billet move into a fixed
die. This is still considered an indirect process because friction is eliminated at the billet-
container interface.
3
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Figure 1: Diagrams ofthe (a) direct and (b) indirect extrusion processes.4
For direct extrusion, the metal billet is placed in a container of an extrusIon press
and forced directly through the die by the ram. The die and ram are at opposite ends of
the· extrusion stock, and the direction of final product's metal flow is in the same
direction as ram travel. During this process, the billet slides relative to the walls of the
.container. The friction decreases as time increases thus making this a time dependent
process.3,5
The actual application of extruded sections depends upon the mechanical
properties of the material employed. With modem technology, a wide variety of
materials can be extruded, from the very soft and ductile plastics to hard and strong
refractory ceramics. Whether any metal or alloy can be extruded depends upon its
malleability at the working temperature. This material spectrum, which covers the full
range ofmetals, is classified on the basis ofworking temperature.
Room temperature and lowtemperature extrusion (0-300 °C) is performed on low
melting point metals and alloys including: lead, tin, bismuth and their alloys, as well as
some aluminum alloys, and the soft solders. The use of these very ductile metals is often
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Figure 1: Diagrams of the (a) direct and (b) indirect extrusion processes.4
For direct extrusion, the metal billet is placed in a container of an extrusion press
and forced directly through the die by the ram. The die and ram are at opposite ends of
the extrusion stock, and the direction of final product's metal flow is in the same
direction as ram travel. During this process, the billet slides relative to the walls of the
container. The friction decreases as time increases thus making this a time dependent
process.3.5
The actual application of extruded sections depends upon the mechanical
properties of the material employed. With modem technology, a wide variety of
materials can be extruded, from the very soft and ductile plastics to hard and strong
refractory ceramics. Whether any metal or alloy can be extruded depends upon its
malleability at the working temperature. This material spectrum, which covers the full
range of metals, is classified on the basis of working temperature.
Room temperature and low temperature extrusion (0-300 °C) is performed on low
melting point metals and alloys including: lead, tin, bismuth and their alloys, as well as
some aluminum alloys, and the soft solders. The use of these very ductile metals is often
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limited because they cannot satisfy the desired mechanical properties for engineering.
structures..Low deformation temperatures (300-600°C) are used for most aluminum,
magnesium, zinc, and solder alloys. Copper, titanium, and zirconium alloys, as well as.
precious metals, can be extruded with moderate deformation temperatures (600-1000 °C).
High deformation temperatures (1000-1800 °C) are required to extrude nickel alloys,
steels, cast irons, cobalt alloys, and high melting point metals (chromium, molybdenum,
tungsten, niobium, and tantalum). .Due to the intense temperature· and pressure
requirements, th~se high deformation temperature extrusions are very rare.6
1.1.2 Aluminum Alloy Extrusions
The extrusion of aluminum sections represents advanced extrusion technology in
terms of alloy making, press design, tooling, and die design. All commercially available
aluminum wrought alloys can be extruded.· However, dilute aluminum alloys are the
most suitable for extrusion, while high strength alloys are difficult to process.
·To extrude aluminum alloys, the starting material, known as billets, are cut from
round, and occasionally flat, cast logs. The cast billets are usually homogenized before
extrusion because the as-cast condition gives a product ofunsatisfactory quality and has a
lower workability. The billet chemistry determines the type of alloy and its applications.
The type and amounts of the elements added to the aluminum, either as alloying elements
or as additions, are the first criterion in recognizing the specific alloy. The effects of the
alloying elements on the properties of aluminum do not depend only on the nature and
the quantity ofthe alloying element, but also on the way in which it combines with the
5
aluminum and interacts with it in the microstructure. Increasing percentages by weight
increases the hardening capacity of the alloy.7
The alloys covered by standards can be divided and ~onsidered in two main
groups, namely those used for casting and those to be fabricated into wrought forms. The
introduction of an International Alloy Designation System (lADS) was developed in
1970 and has been accepted by most countries for the designation and naming of
aluminum alloy systems. The lADS gives each wrought alloy a four-digit number, of
which, the first digit is assigned on the basis of major alloying element(s), as listed in
Figw-e 2. The major additions are used for strengthening, however, other elements are
used to obtain specific structural states. These conditions include: finer grains, higher
critical recrystallization temperature, or blocking the effects of certain impurities, etc.
For lxxx, the third and fourth digits indicate the degree ofpurity of aluminum. In
all other series, these two numerical indices are a serial number identifying the individual
alloys within the group. The second digit indicates a close relationship or modification of
the original alloy (which is given the index zero).8 For example, 6105 and 6005 are
aluminum-silicon-magnesium alloys that differ only slightly in composition from each
.other. This is shown later in Table I.
In order to specify the mechanical properties of an alloy and the way these
properties were achieved, a system of temper nomenclature has also been adopted as part
of the lADS. This takes the fonn of letters and digits that are added as suffixes to the
alloy number. The system deals separately with the strain hardening alloys and heat
treatable alloys. These essential features are also outlined in Figure 2. Alloys supplied in
the as-fabricated or annealed conditions are designated with the suffixes F and 0
6
respectively. Strain hardened alloys are designated with the letter H. For heat treatable
alloys, tempers other than 0 are denoted by the 'letter T followed by one or more digits.8
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Figure 2: Diagram of aluminum alloys and temper designations.8
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1.1.3· 6xxx Aluminum Alloys
-
The mos.t widely used series of commercial aluminum extrusion alloys is the 6xxx
series: alloys based on the aluminum-magnesium~silicon· (Al-Mg-Si) system. Several
million tons of 6xxx alloys are produced every year and are used for metal fabrication
and architectural purposes. The wide variety of possible applications include anything
from simple bars and rods, to intricate shapes such as door and window frames,
automobile trim, building structures; electrical bus bars, heat exchangers and so on.
AI~Mg-Si alloys have good extrudability, yielding possible high extrusion speeds
as well as the ability to form hollow and complex shapes. These alloys have medium
strength, with a decorative appearance (potential anodizing abilities) and good·surface
quality, while meeting narrow dimensional tolerances. Additional advantages include
good electrical conductivity, weldability, corrosion resistance, an immunity to stress
corrosion cracking, and simplicity in heat treatment,6-10
Equilibrium diagrams represent the relationships between temperature and
composition of the phases in an alloy system in equilibrium; i.e. which phases are stable.
Although most alloys in practice are not·at equilibrium conditions, the diagrams provide
valuable guidance to their behavior. The aluminum-rich region of the ternary AI-Mg-Si
phase diagram is shown in the Figure 3. This is the solvus phase diagram, which reports
the solid solubilities of the major alloying elements at various temperatures. The solvus
diagram is extremely important for age hardening alloys because it lists the temperature
above which an alloy of certain composition must be held at before quenching to form a
supersaturated solid solution.
8
At
Weight Perpent Silicon
Figure 3: Al-Mg-Si solvus phase diagramY
The properties of an alloy are determined by its microstructure, which depends on
temperature and may include a number of phases differing in .composition. For 6xxx
aluminum alloys, the controlling phase for the age hardening process is magnesium
silicide, MgzSi. Aluminum and the constituent MgzSi form a quasi-binary system, at
magnesium to silicon ratios of 1.73:1.00 wt % (2 atoms ofMg [2x24.32] to 1 atom Si
[28.06]). A line at this ratio divides the ternary system into two parts, where there is
either excess magnesium or excess silicon. The binary AI-MgzSi phase diagram, shown
in Figure 4 is very useful because it predicts the approximate solubility of the precipitate
in the aluminum matrix at various temperatures.
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Figure 4: Pseudobinary AI-Mg2Si phase diagram.I2
Aluminum-magnesium-silicon alloys are formulated to make use of the solubility
of Mg2Si and thereby utilize precipitation hardening. As noted in Figure 4, the solubility
of Mg2Si in a-aluminum decreases as the temperature is lowered. Quenching Al-Mg-Si
coIinnercial .alloys from high temperatures produces a supersaturated solid solution of
magnesium and silicon in a-aluminum. The aluminum is solid solution strengthened by
the excess silicon or magnesium compared with the stoichiometric ratio. However, the
major contribution to hardening and the improvements in mechanical properties is due to
the dispersion of Mg2Si precipitates. }hese particles may be coherent with the matrix or
produce hardening by partial coherency stressing, and by dispersion. I3 An example of an
Mg2Si precipitate is shown in Figure 5. These particles tend to align with the matrix
<100> directions.
10
Figure 5: SEM image ofMg2Si precipitates in 6xxx alloy.
Heat treatments are designed to promote a very high density of precipitates that
strongly interact with dislocations and thereby increase the yield strength of the alloy. A
typical heat treatment program for precipitation hardened alloy systems consists of an
initial solution heat treatment that dissolves the particular alloying elements. The single-
phase is quenched to form a supersaturated solid solution. The supersaturated state is
non-equilibrium, and possesses a high level of alloying elements in solution; this
concentration exceeds the amount allowed for the particular temperature. Over time, the
solution seeks to attain the equilibrium, multi-phase state. Excess alloying additions form
precipitates, which strengthen the material. This process may be accelerated by giving
the alloy an artificial heat treatment to achieve the required temper and mechanical
properties. Significant improvements in the properties may also occur through natural or
room temperature aging. For normal precipitation hardening of 6xxx Al alloys , the
following sequence takes place:
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INTENTIONAL SECOND EXPOSURE
Figure 5: SEM image ofMgzSi precipitates in 6xxx alloy.
Heat treatments are designed to promote a very high density of precipitates that
strongly interact with dislocations and thereby increase the yield strength of the alloy. A
typical heat treatment program for precipitation hardened alloy systems consists of an
initial solution heat treatment that dissolves the particular alloying elements. The single-
phase is quenched to fonn a supersaturated solid solution. The supersaturated state is
non-equilibrium, and possesses a high level of alloying elements in solution; this
concentration exceeds the amount allowed for the particular temperature. Over time, the
solution seeks to attain the equilibrium, multi-phase state. Excess alloying additions fonn
precipitates, which strengthen the material. This process may be accelerated by giving
the alloy an artificial heat treatment to achieve the required temper and mechanical
properties. Significant improvements in the properties may also occur through natural or
room temperature aging. For nonnal precipitation hardening of 6xxx Al alloys, the
following sequence takes place:
11
supersaturated a-aluminum solid solution -7 semicoherent W' rods -7
semicoherent Wneedles -7 semicoherent ~ plates -7 noncoherent ~-MgzSi 10
Although, the reaction between magnesium and silicon is a balanced one, it
requires an excess of either magnesium or silicon for its completion. Excess magnesium
causes a rapid lowering of the solubility of MgzSi at high temperatures, while excess
silicon, on the other hand, .has little effect on the solubility of MgzSi. Therefore, extra
silicon is added and will appear as a micro-constituent in the alloys. Silicon promotes an
additional response to age hardening by both refining the size of the MgzSi particles and
precipitating as silicon. 0.2% excess Si increases strength significantly but greater
amounts are less beneficial. However, silicon may also reduce the ductility and cause
intergranular embrittlement, as it segregates to the grain boundary.6,IZ-14
By including additional elements, it is possible to improve the mechanical
properties of Al-Mg-Si alloys. Additions of manganese, chromium, and zirconium
counteract the effect of silicon embrittling the grain boundaries by inhibiting
recrystallization during solution treatment. Manganese reduces the preferential
precipitation on grain boundaries, thus promoting a fine grain size. Chromium does the
same but is twice as effective by weight. Copper increases the stress hardening effect and
also increases the strength in the T6 temper. Lead and bismuth can be added to improve
machining characteristics.8,13-14 Iron often appears in AI-Fe-Si intermetallics at the grain
boundaries. ,It originates from the process of mining aluminum from the ore. Parts
requiring a good surface finish must have low iron contents.
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Because it is relatively easy to work with 6xxx alloys, development of many
derivatives of 6xxx alloys continues in order to fulfill the requirements of different
customer applications throughout the world. Some 6xxx alloys have a higher level of
alloying elements to achieve higher strength for structural and semistructural
applications. Other alloys are more dilute for increased extrudability
Commercial Al-Mg-Si alloys can be divided into 3 groups. The first group
contains balanced amounts of magnesium and silicon adding up to less than 1.2 wt. %.
Because ease of extrusion is a prime requirement for many shapes, 6063· was introduced
for the applications where mechanical strength requirements were less stringent. These
alloys have low quench sensitivity; the critical cooling speed is such that thin sections
need not be quenched in water, but can be air-cooled. Alloys within the second group
contain additions ofMg and Si exceeding 1.2 wt. % and may contain other additions such
as 0.3% Cu. These alloys, such as 6061, require a higher solution treating temperature
than the first group and are quench sensitive. Higher alloy contents necessitate a faster
rate of cooling to obtain maximum hardenability. The importance of a good quench is
increased with thicker wall sections. The third group of alloys contains an amount of
Mg2Si overlapping the first two, but contains substantial excess silicon. 6005 is an
example of an excess silicon alloy.6,8
There are hundreds of aluminum wrought alloys, however, the majority of
extrusions produced involve just a few AI-Mg-Si alloy compositions. These alloys are
among the most promising to meet ever increasing demands, and are widely used based
on their having the best technical and economic characteristics. Among the most
common are 6005, 6061, and 6063. The composition limits of these 3 alloys are listed in
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Table I along with 6105, a variation of6005. Aluminum constitutes the remainder of the
composition.
6005 6061 6063 d 6105 15All'f L' 't fF AlT bl I Ca e : ' omposllon lIDl so our ummum oys: , , ,an
Alloy Si Fe Cu Mn Mg Cr Zn Ti
6005 0.6--0.9 0.35 0.10 0.10 0.40-0.6 0.10 0.10 0.10
6061 0.40-0.8 0.7 0.15-0.40 0.15 0.8-1.2 0.04-0.35 0.25 0.15
6063 0.2-0.6 0.35 0.10 0.10 0.45-0.9 0.10 0.10 0.10
6105 0.6-1.0 0.35 0.10 0.15 0.45-0.8 0.10 0.10 0.10
, Extrusion technology has been furthered by continuing demands for new shapes
and improved product quality. The main areas of application, including architecture,
vehicle construction, and small machined components, concentrate on selected alloys that
are suitable for the final application and can be produced and worked at a reasonable cost.
Many complex shapes are extruded that would either be impossible or difficult to
produce by rolling or drawing. This fact, together with the ease at which profiles can be
produced by extruding, accounts for the increased popularity of the process. 12
The most important aluminum ex~dates are standardized according to product
group: tubes, bar, and shapes. Heat treatable alloys are more important for extrusion
. because of their ability to form complex shapes before they are precipitation
strengthened. They are then age hardened to achieve the desired mechanical properties.
Diverse sections are naturally associated with varying degrees of difficulty in extrusion
and die manufacture. Aluminum extruded profiles have been systematically classified
according to their shape and difficulty to produce, as seen in Figure 6. Actual billet
temperatures and extrusion speeds vary with product coinplexity.6
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Figure 6: Classification of aluminum extruded sections according to their production
degree ofdifficulty.6
1.2 Extrusion Die Design
1.2.1 Die Fundamentals
Forming processes all involve the interaction of a workpiece (the starting
material) with some form of tooling to produce a change in shape.! To meet quality
requirements, the performance of the extrusion die is critical; it is the heart of the
extrusion process. Even the most sophisticated press will not be capable of making
acceptable products without proper dies. Die performance impacts product design,
15
quality, productivity, and recovery. The three basic goals of extrusion die design are: to
provide for relative ease of metal flow, dimensional stability, and desirable surface
finish.9
A die is a complex mechanical piece. The extrusion tool assembly package is
illustrated in Figure 7. It consists ofa die, die ring, backer, and bolsters.
"- Backer
Die ring
Figure 7: Parts of an extrusion die.7
Extrusion dies are made of particularly hard and expensive material. The die is
subjected to elevated temperatures and high stresses, which it must be able to endure
without fractUring under the thrust of the press. For aluminum extrusions, the most
frequently used die-material worldwide is the well-established hot die steel AISI H13.7,9
16
1.2.2 Die Classifications
Extrusion dies may be divided into simple ones used for open, solid sections and
those with welding chambers (porthole, spider, and bridge dies) for semihollow and
hollow shapes. Extrusion dies can be categorized into three fundamental classes, shown
in Figure 8. They are ~lassified based upon the die semi-angle, a, which is the angle
between the die face and the direction of metal flow. The majority of dies used for the
extrusion of aluminum are flat faced (a), meaning the die face is perpendicular (a = 90°)
to the direction of the metal flow. Conical or concave dies (b) make an acute angle
(a < 90°) andnovel convex dies (c) have an obtuse angle (a > 90°).
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Figure 8: Extrusion dies: (a) flat-faced, (b) conical, (c) convex.
1.2.2 Die Bearing Lands·
The most important element of the die i~ the bearing land. These are the surfaces
that are either para1lel, or near parallel to the direction ofmetal flow. The function of the
bearing land is to control the size, shape, finish, and speed of the extrusion. To
-manufacture a sound extrudate with certain physical properties, the whole product needs
to undergo similar process conditions such as strain rate and temperature. Die design can
17
correct the differences in these conditions caused by localized strain. The velocity
distribution of the extruded metal should be balanced both within the die orifice and in
front of it. Ideally, there should be laminar flow of the metal through the die. Proper die
design will manipulate the shape of the die bearing lands by changing their length and/or
angle to produce uniform conditions. Friction at the bearing land is the dominant factor
for controlling the metal flow.
Three different die bearing lands 3:re shown in Figure 9. Typically,parallel
bearing lands are used. These working surfaces are flat, square with the die face, and are
parallel to the metal flow. If die correction is needed, different land lengths may be used.
Shorter bearing hmds will decrease frictional forces whereas longer lands will slow the
metal down. Relief bearing lands widen in the direction of the metal flow allowing slow
metal volumes to "catch up" to faster moving material. Choke bearing lands have the
opposite effect, becoming narrower in the flow direction;. they are comparable to a wire
drawing.die. The added surface friction increases the drag force, retarding the metal flow
and thus slowing a faster moving volume of the metal.16
decreasing friction
. increasing speed
(a) (b) (c)
Figure 9: Bearing lands: (a) choke, (b) parallel, (c) relief.
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Proper die design is necessary to produce sound flow properties and ultimately a
quality product. Geometrical differences inherent to the shape of a part (for example, a
thick section adjacent to a thin area) result in metal flow variations. The resistance to
metal flow is greatest in the narrow parts of the die, and therefore small, thin sections
naturally flow with slower velocities. These regions of a part, with a high surface area to
volume ratio (8N), are often extruded through relief bearing lands or shortened parallel
bearing lands. This approach allows these slow-flowing profile sections to catch up to
the faster moving material that forms the other regions of the part. Large cross sectional
areas (those with low 8N) extrude relatively more quickly. These sections are often
checked by extruding them thfough a choke bearing land. Therefore, a die used to
extrude one profile may have several variations in the die bearing lands.
The extrusion ratio of a profile also affects the metal flow and speed. The
extrusion ratio, R, is defined as· the cross sectional area of the billet divided by the cross
sectional area of the extrudate.3,5 A large R defines high deformation, which requires a
larger forming pressure, and results in a slower extrudate exit-velocity than a lower ratio.
In front of a flat-faced die, a feeder plate or straight cavity (welding pocket) may
exist to help control the metal flow, often assisting in the extrusion of difficult profiles.
Also known as a minicontainer17 or piastrina18, these pockets are used to reduce the heat
generation that a longer bearing land would create. They can also have a significant
effect on the extrusion pressure and exit speed.19 The feeder plates can be considered as
an extension of the bearing or an auxiliary pocket that surrounds the profile shape
partially or totally. Depending on the desired effect, it must be located at a certain
distance from the bearing edge and have a certain height.
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1.3 Extrusion Welds
1.3.1 Longitudinal Welds
There are various methods to extrude tubes and hollow shapes in the industry,
based on the requirements of the product and the limitations of the alloy being extruded.
Two different methods to produce hollow shapes are seamless extrusion and extrusions
with welding joints. Seamless profiles are produced from ingot by extrusion over a
central mandrel. The ingots may be cast as solid cylinders and then bored to take a
mandrel; or they may be pierced at the extrusion press by forcing a short cylindrical plug,
slightly larger than the mandrel diameter, ahead ofthe mandrel.13
Thin walled hollow sections may also be extruded from solid ingots through
specially designed hollow dies. These dies make use of longitudinal welds to form the
final profile shape. This method is often used for aluminum and some of its alloys since
these materials can be easily deformed and welded at typIcal extrusion temperatures. At
high temperatures, plastic deformation of the metal under high pressure in the welding
chamber allows solid bonding of the extruded aluminum.2o Flow through a hollow die is
much more complex than that through a solid die. Typically, when tubes and hollow
sections are extruded, a die determines the outer shape while a mandrel, located in the
aperture of the die, determines the inside shape. Together, the gap determines the section
thiclrness. There are many variations of hollow die designs in the aluminum extrusion
industry, such as porthole, spider, and bridge dies. These dies are shown in Figure 10.
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Figure 10: Hollow dies: (a) porthole, (b) spider, (c) bridge.6
Metal flow through a porthole die is shown in Figure 11. For hollow extrusions,
the fonnation of the final profile shape may be divided into four stages. Initially, the
billet material fills in the ports located at back of the die face. Secondly, the metal
streams are split by the bridges of the die, and flow tangentially around the mandrel
supports. Upon entering the weld chamber, the surfaces·of two or more plastic streams
slide together, then stick; and ultimately weld. Finally, the material is extruded through
the gap between the mandrel and the die orifice.21 The mandrel and the die fonn the
inside and the outside dimensions of the extruded hollow shape respectively. The metal
that exits from the die as a hollow shape has one or more seams that lie along the product
length, which are referred to as longitudinal welds. Welding occurs because clean oxide-
free metal is brought together at elevated temperatures under high pressure.3,22-23
21
Figure 11: Complex porthole die displays the four stages in producing a longitudinal
weld seam?1
Akeret describes the longitudinal welding process as a joining of two separate
extrusions, consisting of the less-worked core and much more heavily worked peripheral
zone.21 Figure 12 illustrates this concept in the formation of seam welds. The
microstructural characteristics ofthe welded material may include the absence ofa proper
. grain structure and the random distribution of the intermetallic particles. Even
macroscopically, the "unstructured" weld zones in the etched section of hollow shapes
contrast with the more fibrous material in the core of ~achpart of the shape.21
core
peripheral zone
\./
.1 weld line
Figure 12: Two simple rectangular shapes flow through the pockets of a .porthole die
and fonn an extrusion weld.
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The strength of the extrusion weld depends on several factors, among which the
most critical are temperature, pressure, metal cleanness, roughness of the welded
interfaces, and the velocity of the metal flowing through the welding chamber.. In
practice, the selection of process parameters, such as billet temperature and extrusion
ratio, is critical to assure a good, quality bond. The mechanical properties of the
extrusion welds and of the neighboring material can differ from those of the metal at
greater distances from the weld. These differences may be in terms of grain size, local
strain, ororientation of subgrains and grains.21
1.3.2 Transverse Welds
The other type ofextrusion welding is transverse or billet-to-billet welds. Billet-
to-billet extrusion is a special method for alloys that easily weld together at the extrusion
temperature. Welding can occur with a feeder plate (weld pocket) or not. Using this
process, shown in Figure 13, continuous lengths can be produced by discontinuous
extrusion. Typically, the welded region possesses inferior mechanical properties and is
discarded.6
(a) (b)
Figure 13: Transverse welding: (a) without and (b) with a weld pocket.6
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1.4 Localized Deformation
1.4.1 Heterogeneous Strain
Localized deformation is present in most of the metal forming processes.
Industrial practices involve large-scale plastic deformation that becomes heterogeneous at
high plastic strain.24 The change in mechanism fro~ a dominantly homogeneous one to a
localized form of deformation, increases ~th increasing strain. Therefore, larger
extrusion ratios produce a higher amount of heterogeneous localized deformation. The
generation and development of localized deformation from metal forming process exist
on different scales. Shear bands, Luder bands, and microcracking all form at the micro
level and can also be combined to form meso-defects. Macro shear localization is
exhibited in mechanical property gradients.
During the extrusion process, large plastic strain is needed to form the part into. its
final shape. The deformation is non-uniform and varies as a function ofposition. Material
towards the perimeter of the extruded part undergoes significant shearing; whereas, billet
material at the centerline of the die orifice travels in a straight line· relatively undisturbed.
The shear deformation at the centerline of the extrudate is zero and increases as one
moves outwards. Therefore, strain localization and the amount of redundant deformation
increases for grains located further from the center of the profile.25 Figure 14 presents an
image from a visioplastic modeling experiment. Alternate layers of different colored
plasticine were extruded in order to analyze the material's flow. The flow lines are
easily extrapolated from the interfaces of the different colors. The path length of the
outer material is longer and has a slower speed as illustrated in Figure 15. In this
diagram, the thickness of the lines is proportional to the relative extrusion speeds.
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Figure 14: Visioplastic model ofthe metal flow in the extrusion process.
Figure 15: Paths ofmetal flow from the billet through the die,z6
Figure 16 summarizes that material from the outside of the billet forms the
exterior of the profile. Closer to the billet surface, the material has a longer path to travel
and is heavily deformed. Metal from the shear zone flows through the die and forms the
outer layers of the profile. The extrudate surface grains experience higher strain than
material towards the center of the part. The visioplastic model and deformation
presumptions are verified by examining the photograph of the partially extruded billet
25
that is found in Figure 17; Material near the edge of the billet flows. along the outside,
then past the dead metal zone and into the intensive shear metal zone.
Iextrudate I
.~t m~~smg~.\ deformation
Figure 16: Illustration displaying that material towards the exterior of the billet will
form the surface layers, which are heavily deformed.27
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Figure 17: Macroetched half of a partially extruded 6105 billet displaying metal flow
pattems.28 .
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Heterogeneous deformation . also occurs due to differences in geometrical
dimensions. Complex parts with varying section sizes develop regions of· highly
localized strain. Consequently, structural differences often appear across the profile of a
finished product.
1.4.2 Surface Defects
The large local deformation near the surface can also be attributed to another
factor. Extreme tensile forces are formed at the surface due to the materials' interaction
with the die bearing land. The surface material travels alongside the quick moving
central metal volumes. However, at the surface, this material is restrained· by the
frictional forces from its interaction with the die.29
The surface quality of the extrudate is one of the limiting factors of the extrusion
process. This is shown in the extrusion forming limit diagram in Figure 18. At elevated
temperatures, large extrusion ratios or high speeds will cause surface cracking, incipient
melting, or recrystallization, which will all limit the possible extrusion speed and the
formability.
27
, PREHEAT TEMPERATURE --+
- .z
0
iii
t ~
Q-'
0 We
~ w:!DoD:en w
z 0=
0 11:0
- ~!en
~
....------------iIlIc"f5 !a:~ ~·ifi
_ :e ...
Figure 18: Fonning limit diagram for extrusion.3D
The crystal orientation and ,surface roughness control the surface appearance. If
grain structure or orientations vary significantly, constant surface properties are no longer
obtained. The quality of finishing processes, such as anodizing or painting, depends
heavily on the surface texture. Upon anodizing, the etching response depends on texture,
grain'structure, and particle distribution. Local variations in these parameters, caused by
complex dies, can therefore lead to inconsistent surface appearances.31-32
The term "surface texture" is primarily used to describe the variation in surface
roughness of the part. However, here, in this research, surface texture is used to indicate
.
the orientation of the grains at the surface and just beneath to a depth of approximately
250 Ilm.
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1.4.3 MicrostructuralGradients
The final extrudates' microstructure is the result of the metal flow, which is
controlled by extrusion parameters and die design. In these experiments, multiple regions
from the same profile were examined to eliminate variations in process conditions. This
will also discard deviations that exist in multiple extrusion runs, or even from the front to
the back of an extrudate. By doing this, for each extrudate studied, the extrusion process
parameters, such as temperature and extrusion speed, were held constant. Therefore, the
microstructural response to these parameters are neglected, and the effective changes to
the microstructure can be isolated. The response of the material is evaluated as being a
function of either geometrical differences or die design.
Localized deformation contributes to the development of material anisotropy by
creating structural differences that appear across the profile of finished complex parts.
The microstructure within the localized zone is usually distinctively different from the
other sections. of the product. Therefore microstructural gradients are created and are
manifested in terms of differences in grain sizes, shapes, mechanical properties, and
crystallographic orientations. Characterization of these physical qualities was performed
using light optical microscopy (LOM), microhardness tests, and electron backscatter
diffraction (EBSD). LOM was used to measure grain size/shape variations while the
microhardness tests were used to evaluate the relative strength of the individual grains.
EBSD was used for microtextural determination and can also be used for grain size/shape
measurements.
During the hot extrusion of aluminum, the cast microstructure is changed. Some
re~ons of the new microstructUre may consisfof recrystallized grains, whereas in others
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the recrystallization may be suppressed or partly suppressed. Therefore, microstructural
discrepancies can result from differences in metallurgical states that may exist: as-
deformed, recovered, and recrystallized. In heat treatable aluminum alloys, a non-
recrystallized grain structure possesses higher mechanical properties in the extrusion
direction than recrystallized material.32
The analysis· of the size and shape of the grams, m conjunction with
microhardness measurements, were used to study the recrystallization behavior of the
grains, as well as Kikuchi pattern quality indices from EBSD. The pattern quality and
confidence index used by the EBSD system indicates the amount of strain present in the
grain. A higher strain will be the result of a higher dislocation density resulting in low
pattern quality. For deformed microstructures, a higher index may designate grains that
have recovered and decreased their strain. Lastly, the microtexture of specific small
regions may indicate a preferred recrystallization texture. Significant amounts of the
cube texture may be retained during the hot deformation of aluminum alloys. Aluminum
alloys, which possess high stacking fault energy, often possess a cube component of
texture upon recrystallization.33-34 The size and shape of the grains are a good indication
ofwhether or not grain growth had occurred.
1.5 Material Anisotropy
1.5.1 Texture
The texture is the preferred grain orientation - one or more specific orientations
which appear with a higher than average probability in a sample population of
orientations.34 Texture determinations examme the direction dependence of the
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material's anisotropy, a result of its structure. The actual orientation distribution in a
- polycrystal is the result of the manufacturing process and thus texture contains detailed
information about the production history of a workpiece.
ill general, casting and solidification processes produce a randomly oriented or
weakly textured material. As a result of deformation, the grains are not randomly
oriented. The crystallographic orientation distributions- of the grains exhibit a tendency
for alignment with a specific, dominant direction in the bulk material, commonly related
to the direction of working. The texture is a function of the metal forming process and .
thenifore the orientations of the deformed grains depend on the die design and process
parameters, such as state of stress, temperature, strain, and strain rate.28
On the other hand, texture is important for the physical.behavior of the material,
and has a strong effect on physical properties. Therefore, the texture contains easily
accessible information on the interrelation between processing parameters and materials'
performance. The microstructural elements responsible for anisotropy are not so much
scale as morphology; the size of the grains in a polycrystalline aggregate is much less
important than their shape and orientation. ill polycrystals, many macroscopic physical
properties are anisotropic. They depend on the orientation of the grains relative to the
load direction. Such properties include: Young's modulus, strength, and ductility.
The recrystallization texture is strongly dependent on the pre-existing deformation
texture, as riucleation and growth are influenced by the orientations of adjacent regions of
the microstructure.35 The combined effect of deformation and recrystallization on the
microstructure of a workpiece is due to complex interplay between the thermal and
mechanical processes.
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Several theories on the relationship between texture· and plasticity have been
developed. The most recognized full constraints model by Taylor, .predicts a rotation
towards the <111> or <100> orientation for FCC metals. A <100> fiber deformation
texture has been reported after axisymmetric compression, while a mixtUre of <111> and
<100> are seen in extruded rods.36
Microtexture is a population of orientations measured on a grain-by-grain basis.37
This is in contrast to an average texture measured from a bulk sample, obtained via
techniques such as traditional x-ray diffraction (XRD). The microtexture can be
measUred by electron backscatt~r diffraction (EBSD) in the scanning electron microscope
(SEM)or by either selected area diffraction (SAD) or convergent beam electron
diffraction (CBED) in the transmission electron microscope (TEM).
1.5.1 Texture Measurement Using Electron Backscatter Diffraction (EBSD)
EBSD, also known as backscatter Kikuchi diffraction (BKD), is a diffraction
technique for obtaining microtextural information from thin (near-surface) layers of bulk
samples in the SEM. The microtexture is obtained by summing the orientations of the
individual grains and is important for the analysis of localized deformation. EBSD is
able to generate important information about the size, shape, and orientation of the grains
with accuracy and speed. This diffraction technique, combined with the imaging
capabilities of the SEM, enables the user to directly relate the crystallography to
deformed microstructure.
EBSD is a powerful tool used for the characterization of defonned
microstructures. For this research, EBSD has been used to follow, in detail, the
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orientation aspects of the deformed grains and the metal flow in several aluminum
extrudates. The extrudates' microstructures provide insight into the materials' responses
. . . .
tothe intricate dies.
The EBSD patterns (EBSP) are produced when high-energy electrons are
elastically scattered by atomic planes in a crystalline sample. The incident electrons are
scattered by the crystal lattice according to Bragg reflection. Because this technique is
based upon crystallography and not visual observations, such as LOM, the grain
measurements are very accurate and even low angle grain boundaries can be identified.
The ability to measure microtexture is a major advantage over XRD, which reports an
average.texture.
An additional benefit is that EBSD combines the important crystallographic
information with the powerful imaging capabilities of the SEM. This combination is
possible in the TEM, however, the volume of material studied is severely limited. Also,
thin TEM foils require arduous sample preparation. Traditional metallographic sample
preparation is all that is required for EBSD. The samples are polished flat with a
minimum ofmechanical deformation on the surface layer.
The EBSD system hardware. can be retrofitted to nearly any SEM, which, until
recently has not been well suited for performing diffraction experiments. A diagram of
the hardware setup is illustrated in Figure 19. The components of an EBSD system are:
the sample at a 700 tilt angle, a phosphor screen, lead glass window, camera, and a
computer equipped with. orientation imaging microscopy (DIM). A .700 tilt is used to
increase the intensity of the backscattered signal. After diffracting within the sample, the
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electrons impinge on a phosphor screen within the sample chamber. The patterns are
captured by a charge-coupled device (CCD) or low-light-level video camera.38
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camera
Figure 19: Illustration ofthe EBSD technique.
The acquired patterns resemble those produced by electron channeling
experiments, and thus are often referred to as backscattered Kikuchi diffraction patterns
(BKP). These patterns contain information regarding the symmetry and alignment of the
probed crystal. The patterns are a "map" of the angular relationships between the atomic
planes. The patterns are readily indexed by the computer, which simply notes the major
symmetry elements of the patterns as well as the positions of the intersecting Kikuchi
lines forming poles.
An example of a diffracted pattern and how the computer indexes' the poles is
shown in Figure 20. The index determines the crystallographic orientation of the
individual grain and, in tum, its relationship to neighboring grains. Using a high quality
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ceD camera, phase identification can be detennined by the precise location of major
poles as well as thethiclmess of Kikuchi bands. These band widths are inversely
proportional to the planar lattice spacing.
Figure 20: EBSD pattern and the identifying index by the computer.
The orientation of large areas can be determined. Many grams can be
characterized by scanning the electron beam continuously across the sample in straight
lines.39 Instantaneous patterns are analyzed at each point illuminated by the incident
electron beam. The computer records the three calculated Euler angles, which describe
the orientation of the particular grain with respect to fixed reference axes. In addition,
pattern quality and confidence index parameters are listed. These two indices are related
to the quality of the lattice from where the diffraction pattern originated. Highly strained
regions will have low quality and a low confidence index. In addition to orientatio~
measurements, observation of the sample yields information on microstructure including
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phase information, grain size, grain boundaries,.precipitates, and impurity elements. The
good spatial resolution ofthe SEM allows·grains smaller than 1~ to be examined.35
The diffraction data and texture information can be summarized in several
different output forms: pole figures (PF), inverse pole figures (IFF), and orientation
distribution functions (ODF). These figures are plots of the frequency with which a
specific direction coincides with one ofthe specimen axeS.35 The strength of the texture
is determined by examining the peaks (high intensity areas) and by noting the maximum
values found in the scale.
The pole figure represents the distribution of a specific family of lattice planes in
the stereographic projection, a two-dimensional image of the three-dimensional
orientation space. The specified crystal axes are given with respect to a sample reference
.frame. Pole figures are viewed as one would view a globe at the equator level. The north
and south poles correspond to the + and - direction. The texture is determined by
analyzing these figures. Grain orientations are indicated by the positions of the plane
normals, also called poles, on the projection. By calculating the angles between these
directions and the origin of the coordinate system, which is placed at the center, the
orientation is determined.4o
Additional texture information and grain structure (size/shape) are given by
inverse pole figure grain maps. This is a simulated microstructure generated by the
computer, which assigns different colors to grains based upon their orientation according
to a color coded inverse pole figure key (shown in Figure 21). Similarly orientated
grains have like colors. Definitive texture determinations are found by analyzing the pole
figures and confirming the information with the orientations shown in the grain maps.
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Figure 21: Inverse pole figure color key used to identify orientations of grains in an IPF
gram map.
The texture information is correctly analyzed when the orientation of the grains
are understood relative to known axes. The relationship between the crystallographic
directions, e.;, and the sample directions, e./, is very important and is illustrated in
Figure 22.
Figure 22: Relationship between the crystal orientation, ex.c, and sample axes, exs•41
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The sample directions (elS, e2s, e3S) are perpendicular to each other and are fixed
by the sample's position· in the SEM. This is shown in Figure 23. The normal direction
(ND) is perpendicular to the sample, whereas the reference direction (RD) and transverse
direction (TO) lie in the plane of the sample surface. The RD points down the sample
and the TO (coming out of the page in the diagram) is parallel to the sample tilt axis.
Because these directions are fixed, it is useful to position the sample in such a way that
. .
these directions coincide with the directions of the metal forming process. For mstance,
when examining the cross section of an extrudate, the normal direction will coincide with
the extrusion direction. For longitudinal sections, to make the analysis simple, the
extrusion direction should be aligned parallel to the TO or RD,
Detector
Figure 23: Sample orientation in the microscope. Oefinition of sample axes: ND, RD,
and TO (coming out of the page).41
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1.5.2 EBSD Limitations
EBSD samples must be crystalline; i.e. they must have a regular lattice that
diffracts the incident electron beam. Samples must also be free of high dislocation
densities (large amounts of plastic strain), since Kikuchi patterns are washed out at high
local deformation. The pattern quality is dictated by the conditions at the surface.
Crystallographic imperfections, either inherent to the sample or caused by preparation
techniques, degrade the quality ofthe patterns.
Careful sample preparation is therefore essential for good results. Thorough final
polishingusing a fine (0.05 J.lm or less) non-diamond medium and a final etch yield good
results.42 This etchant partially removes the surface deformation layer created by
mechanical polishing. Without it, the large amount of dislocations will diffuse the
backscattered pattern and deteriorate its quality. Electropolishing or lapping will improve
sample preparation and the resulting pattern signal.
Pattern quality is further marred by the strain already present in a deformed
sample. Although the aluminum samples that were analyzed are hot deformed, extrusion
involves a heavy amount ofdeformation that can not be totally alleviated due to the speed
of the process. With careful selection of temperature and time, the material could be
recovered without recrystallizing. This would preserve the grain orientation, but lower
the dislocation density.
The extrudates tested were made of aluminum, a low atomic number element.
Pattern quality is improved for heavier atomic elements, which have .a higher
backscattered electron yield.43 Because the sample is at a 70 degree tilt, some diffraction
39
patterns are partially shaded as a consequence of surface relief. Thus, it is important that
the surface be completely flat.24
Grain boundaries, which separate.two grains, are a stack.ofmisfit dislocations and
are regions ofhighly-concentrated strain. Atthe boundary, two EBSD patterns may exist
at the same time (one for each grain) or a diffuse pattern will 'appear because of the high
dislocation density. OIM may have difficulty indexing the boundaries and.these points
will appear darker or in different colors to the surrounding areas. Figure 24 shows two
overlapping patterns from adjacent grains. A large beam should be used to provide
adequate current needed to produce good contrast EBSP's. However, a small beam is
desired to avoid overlapping patterns at the grain boundaries.
Figure 24: EBSD image showing two overlapping patterns that occur at a grain
boundary.
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2.0 EXPERIMENTAL PROCEDURE
2.1 Experimental Setup
2.1.1 Coordinate System
Initially, cross sectional samples, normal to the extrusion direction, were extracted
from the extrudates and examined. Longitudinal sections were. then cut to examine the
sample from the transverse and/or reference direction. Planar samples from two
perpendicular directions will yield a three dimensional representation of the grain shape
and size.
Before beginning, it is important to establish a system of axes to remain consistent
in all experiments. For all samples, the axes are setup such that the cross section of the
extrudate lies in the yz ·plane normal to the x-axis (defined as [100]), which is the
extrusion direction. For EBSD investigations (see Figure 23), when examining the cross
section, the extrusion direction may also be classified as the normal direction (ND).
When analyzing these pole figures, the z-direction [001] will be defined as the reference
direction (RD); the y-axis [010] is known as the transverse direction (TD). Things get
more complicated when inspecting the longitudinal sections. The ND is no longer
coincident with the x-axis, [100] extrusion direction, but is rotated 90° depending on
which direction (y or z) is normal to the specimen surface plane. Similarly, the pole
figures of the longitudinal sections are also rotated from the cross section figures to
account for the new specimen orientation in the microscope.
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2.1.2 Experimental Specimens
The influence of localized deformation was studied for various types of samples,
one solid extrudate and two different samples.containing longitudinal welds. One of the
welded samples was a simple rectangle profile extruded using controlled test conditions;
whereas, the other was a complicated shape"produced under typical industrial conditions.
Geometrical variations concentrate deformation in certain areas, particularly where the
surface area to volume ratio is the highest. For heavy' extrusions, the shear localization
will be at a maximum near the surface of the profile. For longitudinal extrusion seam-
welding, the variation of localized deformation is similarly complex. Microstructural
gradients occur due to geometrical differences and are also influenced by the weld zone.
2.1.3 Investigation Approach
The samples were initially examined under low magnifications (1-7X) using the
stereomicroscope. When the capabilities of this instrument were exhausted, a light
optical microscope with higher magnifications was used. This microscope had possible
magnifications of 50, 100, 200, and 400X. All grains were easily distinguishable at
400X; therefore, a 1000X magnification was not needed. SEM imaging was similarly
discarded as unnecessary. All images were digitally recorded using the Paxit image
acquisition program. This program was used to add the micron bars to ensure accurate
dimensional measurements. Most images were recorded at magnifications of 100X, a
good compromise between field of view and magnification. The size and shape of the
grains were observed from these images.
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Microhardness tests were performed on all three extruded samples. This was done
.to investigate the relative variation in mechanical properties, which are derived from the
microstructural gradients due to localized strain. A Knoop, elongated diamond,-indenter
was used with a dwell time of 15 seconds. For the· solid extrudate·a 50g load was used,
whereas a 25g load was used for the welded specimens. A computer was used to
measure the indent spacing that was then correlated to a Knoop microhardness (HK)
value and a Rockwell A scale (lIRA).
In general, tensile tests are .used to evaluate the strength of a material.
Microhardness tests are useful when tensile specimens are difficult to prepare due to
section geometry.44 In addition, tensile tests, record an average strength of the
polycrystal, rather than of a specific region. Microhardness gives a good indication ofthe
. ,
individual strength of the grains, neglecting the contributions to strengthening from the
grain .boundaries. Low hardness readings may indicate a low dislocation density
specifying grains that have recrystallized.
Frequent microhardness .tests were conducted in straight lines across the samples at
regular intervals. This is to gain an accurate depiction of the gradients that occur from
the surface of a part to its center or across a weld region. The average measurements are
reported as well as the standard deviations.
2.1.4 Sample Preparation
After the samples were sectioned they were prepared usmg traditional
metallographic techniques. Initially, the complete samples were ground up to 600-grit
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silicon carbide paper and then macroetched in Tucker's Etchant (15% HF, 45% Hel,
15% HN03,.and25% H20). This revealed flow lines and some grain structure.
After examining these pieces· under the stereomicroscope, the samples were
reduced in size and mounted·in epoxy to aid· in. future preparation work. The mounted
samples were mechanically ground and polished. An alumina (Ah03) intermediate
polish was used to remove the heavy remnant surface damage from the silicon carbide
grinding papers and the initial polishing using a diamond paste. A final polish of
0.05 pm Masterprep solution (colloidal silica [Si02] and alumina mixture) was used. For
microstructural analysis, the samples were etched using a 5% solution of hydrofluoric
acid (remainder H20). This etchant is effective in outlining the grain boundaries, useful
for grain size/shape analysis. For several samples, this etchant was not effective enough
and Barker's reagent (2.5% HB4, 97-.5% H20) was used instead. Using this etchant,
grains contrast is achieved with polarized light. For microhardness tests, the delineation
of grains is essentiaL Measurements should be taken within the grain to avoid the
strengthening component of the boundaries.
EBSD is very sensitive to mechanical deformation and it was found that a thin
deformation layer still exists on the surface even after the final polish. Prior to using the
electron microscope, the samples were etched using 5% HF. In addition to outlining the
grain boundaries, this etchant removes surface deformation induced by the mechanical
polishing, and reduces the oxide layer thickness. One way to improve EBSD pattern
quality would be to electropolish the sample or use a lapping machine; these are
deformation-free preparation techniques. Electropolishing was noj used because the
chemical solution commonly used for aluminum involves perchloric acid, whichis highly
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explosive. A lapping machine was not available at the preparation facilities. A chemical
polish was later used to avoid deformation, but it had a similar effect as the HF solution.
The chemical polish consists of 25% H2S04, 70 % H3P04, and 5% of HN03. The
samples were polished at 85°C for 25 seconds.
2.1.5 Electron Backscatter Diffraction (EBSD)
The EBSD system used for this research was manufactured by TexSem
Laboratories (TSL). Initial trials were performed using this hardware integrated with a
Philips (FEI) Electroscan 2020 environmental scanning electron microscope (ESEM).
This system, with a short objective lens, did not provide the optimum operating
.conditions and the EBSD system was transferred to a Philips XL30 ESEM.
In order to analyze a larger area, the experiments were performed at' low
magnifications (50-400X). The sample was aligned such that the scanned area was a thin
rectangle with the larger dimension parallel to the TD, tilt axis of the stage (see
Figure 25). The large sample tilt (70°) needed for EBSD investigations dictates that the
electron beam will only be in focus for a limited range in height (z-direction, RD) unless
the dynamical focus of the microscope is implemented.45 For surface texture, actual
EBSD measurements were taken between 0 and 250 J.lrn from the surface, as shown in
Figure 25. Large-area EBSD scans were recorded across the weld region, including the
grains within the weld, as well as many grains on either side.
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Figure 25: Typical area tested was a rectangle elongated in the transverse direction.
Initially, a focused image ofthe sample was obtained using the secondary electron
detector. The specific areas of interest. were identified, and a backscattered Kikuchi
diffraction pattern was acquired on the phosphor screen. The automated crystallographic
orientation measurement (ACOM) software was set up to scan a selected area. The data
was analyzed with the OIM software. The intensity pole figures revealed the orientations .
of highest probability and were compared with the textures displayed in the IPFgrain
maps.
2.2 Solid Extrudate
2.2.1 Extrusion Process Parameters
The first sample analyzed for this research was the solid extrudate pictured in
Figure 26. This 6105 aluminum alloy was manufactured under normal industrial process
conditions. Typical composition limits of 6105 alloys werepreviously shown in Table 1.
The profile was extruded through a two-hole die with an extrusion ratio, R, equal to 52
For one orifice, the heavier portion ofthe profile is oriented toward the center (the sample
used for this experiment), and the other orifice has the legs toward the center. The die is
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laid out in such a manner to optimize handling, not die performance. The exit speed was
approximately 355 mm per second.46
Figure 26: Solid extrudate used to study microstructural gradients due to geometrical
differences.
This solid extrudate has a "heavy" section with a low SN attached to two thin
"legs" with a high SN. To slow the metal flow in the heavy region, a choke bearing land
with an angle of one degree over 25.4 mm was used. For the profile's legs, zero relief
(parallel bearing land) was built into the die; however, under extrusion pressure some
relief will occur as the die deflects. Bearing lengths for the legs are 3.56 mm and
2.16 mm at the tips of the legs. Starting stock was a cast, homogenized ingot, and the
company reported that it did,not have any strong texture.46
2.2.2 Profile Sectioning and Sample Definitions
The cross section of the thin legs was examined but little variation was found in the
microstructure. Significant· gradients due to localized deformation appeared at the
"heavy" region, which includes the large upper rectangular section. This extrudate was
initially sectioned into eight separate samples for LOM andmicrohardness analysis. The
dashed lines in Figure 27 indicate where the cuts were made. This figure indicates the
"1
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surfaces that were being investigated, as well as defining the observation directions
(normal to the sectioned plane). The sample was examined from all three orthogonal
directions (x,y,z).
Observation Direction
x
x
..J 24mm .,_
r'-'-'-'-'-'-'-'-'-
1
6 7 8
!
Figure 27: Profile of the solid extrudate indicating where the part was sectioned
(dashed lines) and the observation directions (eye symbol). .
The cross section (yz plane) was examined to understand the microstructural
gradients occurring from the exterior to the center of the profile when looking down the
extrusion direction (x-axis). Longitudinal pieces were cut (as shown) to examine the
material from the top (z) and side (y). Samples 2,3,4 and 5 are from 1, 6, 12 and 20 rom
beneath the top surface. Samples 6, 7, and 8 were sectioned parallel to the side 1, 6, and
12 mm from the edge. These measurements are summarized in Table n. 'Separate
samples were cut for the legs; three in total, one for each ofthe orthogonal directions.
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I I fdf I'da e . ummarVO so 1 extru ate sample oca IOns.
Sample Sectioning Observation Distance from Distance fromtop surface side edge# Plane Direction (rom) (rom)
Heavv solid profile
1 yz x - -
·2 xy z 1
-
3 xv z 6 -
4 xy z 12
-
5 xy z 20
-
6 xz y
-
1
7 xz v - 6·
8 xz y - 12
T bI n S
x
For the surface texture investigation smaller samples were sectioned and used so
that they fit easily in the SEM chamber. These different samples studied with EBSD are
illustrated in Figure 28. Longitudinal sections were prepared to examine the surface
texture from additional directions. Once again, the heavy section and thin legs were the
areas of interest. The influence of the two different die designs (choke and parallel.
bearing lands) was investigated.
c lowSN
._---_._-
high SN
Figure 28: Indication ofareas tested for surface texture analysis of the solid extrudate.
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A total •of five samples were prepared for EBSD investigation. Sample A
indicated the microstructural variation that occurs from the side and top surface. Two
different ·longitudinal·sections (C&D) were needed to view those same variations. Two
samples were prepared for the leg: B from the cross section and E was a longitUdinal
sample examined down the z-axis. Longitudinal samples were used to confirm the initial
EBSD results from the cross section specimens. The grain maps from longitudinal
samples give an indication of elongation of the grains in the extrusion direction that was
also displayed by the LOM images.
2.3 Experimental Extrusion Weld
2.3.1 Extrusion Process Parameters
The objective of studying this extrudate is to assist in the understanding of
extrusion-welding phenomena. The major difficulty during nonnal industrial processes is
a lack of data related to pressure and'temperature within the welding chamber. A special
weld-integrity test-die, shown in Figure 29, was designed, built, and tested. The die
allowed the investigation of weld integrity as a function of the die geometry and process
parameters, such as extrusion temperature, pressure, and speed. The solid bonding taking
place in the extrusion ofhollow sections was adequately simulated by this die.47
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Figure 29: Test die used to fonn longitudinal welds in rectangular extrudates.47
These extrusion runs, used for testing, were perfonned under controlled
conditions where the parameters were accurately recorded. The initial billet diameter
was 229 mm defining an extrusion ratio of 9.2. The ram speed was 6.35 mm/s. The
billet preheat temperature was 516°C with an exit temperature of 520 °t for the front of
the extrudate and 532°C for the back end.
There are four orifices in the test die. Location 2 and 3 produce simple
rectangular shapes that have the weld located in the center of the profile, as shown in
Figure 30. Samples used for the analysis presented in this paper were extruded through
the orifice at location 2. Location 1 and the corresponding location on the opposite side
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of the die produce solid extrudates that do not contain welds. There are two such
locations to maintain balance of the metal flow through the die. These extrudates were
·produced for a separate investigation. The mechanical properties of the·welded and non-
welded samples were compared to determine whether the extrusion weld is a source of
weakness.
Figure30: Experimental extrusion weld sample.
The extrudate, which is shown in Figure, 30, is a 6061 alloy and has a rectangular
cross section with dimensions 51 x 22 mm. Sample sectioning is shown in Figure 31;
sample 9 was taken of the cross section. Because the profile was large, it was cut to a
width of 28 mm (with the weld in the center) in order to fit into a standard 38 mm
metallographic mount; the full height was unaltered. Longitudinal samples 10, 11, and
12 were sectioned parallel to the top surface at depths of 1, 6, and 11 mm~ They were
examined from above, along the z-axis. Because the weld is situated in the xz plane, the
sample was not examined from the y-axis. To observe the weld from this direction, many
successive polishing steps would be needed. A summary ofthe sample locations is listed
in Table ID.
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xFigure 31: Samples usedfor die weld integrity studies.
I I ft I ldfT bl III Sa e . ummaryo expenmen a we sample oca IOns.
Sample· Sectioning Observation Distance from Distance fromtop surface side edge# Plane . Direction in. (mm) in. (mm)
Rectangular welded extrudate
9 yz x
- -
10 xy z 1 -
11 xy z 6 -
12 xy z 11 -
x
2.4 Industrial Extrusion Weld
2.4.1 Definition ~f Product Geometry
The other extrusion-welded sample being studied, shown in Figure 32, was part of
an actual extrusion run, conducted with typical industrial parameters. The part shown is
one quarter of the complete complex shape that uses a porthole die to produce the hollow
sections. As revealed by the macroetch in Figure 33, the weld line is located along the
entire length of the piece, from the top of the "arrow" to the edge of the hole at the
bottom of the figure. EBSD was used to analyze the grain orientations across the weld.
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Figure 31: Samples used for die weld integrity studies.
Table III: Summary of experimental weld sample locations
Sample Sectioning Observation Distance from Distance from
top surface side edge# Plane Direction in. (mm) in. (mm)
Rectangular welded extrudate
9 yz x - -
10 xy z 1 -
11 xy z 6 -
12 xy z 11 -
x
2.4 Industrial Extrusion Weld
2.4.1 Definition of Product Geometry
The other extrusion-welded sample being studied, shown in Figure 32, was part of
an actual extrusion run, conducted with typical industrial parameters. The part shown is
one quarter of the complete complex shape that uses a porthole die to produce the hollow
sections. As revealed by the macroetch in Figure 33, the weld line is located along the
entire length of the piece, from the top of the "arrow" to the edge of the hole at the
bottom of the figure. EBSD was used to analyze the grain orientations across the weld.
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The results were compared to the experimental weld to see if any discrepancies exist.
The extrusion ratio was the critical variable that differed between these two profiles as
well as the simple vs. complex geometries.
Figure 32: Section of a complex extrudate containing a longitudinal weld.
z)-y
x
Figure 33: Section of industrial welded sample a~er macroetching.
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The results were compared to the experimental weld to see if any discrepancies exist.
The extrusion ratio was the critical variable that differed between these two profiles as
\Veil as the simple vs. complex geometries.
flIl.Shll111J.11111lfJ11
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Figure 32: Section of a complex extrudate containing a longitudinal weld.
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x
Figure 33: Section of industrial welded sample after macroetching.
54
The cross section of the sample was sectioned and is shown in Figure 33. In
addition, a longitudinal sample was cut at the approximate mid section of the weld area,
labeled. M. LOM images were captured at three different locations of the cross section:
the top near the arrow, the bottom near the hole, and across the mid section, M. Some
pictures were taken of the longitudinal sample as well. Microhardness measurements
were taken from the longitudinal section across the weld from one side of the part to the
other. The grains of the longitudinal samples are slightly elongated, which made
placement of the Knoop indenter easier. However, the primary focus of studying this part
, . .
was to detennine the orientation of the weld and the surrounding areas. Orientation
(EBSD) scans were recorded across the entire width of the weld at the location M. The
cross section was examined so that the ND was aligned with the extrusion axis.
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3.0 RESULTS
3.1 Solid Extrudate
3.1.1 LOM Investigation
The solid extrudate sample contained a thick section that was coupled to two thin
legs. For the heavy region, there was significant variation in size and microhardness
from the surface of the part, with the highest amount of deformation, to the center region
grains, which resemble those of the original, cast structure. Macrophotographs were
taken using a stereomicroscope, and there appeared to be several distinct structural
regions that were further revealed by the higher magnification LOM images.
Figure 34 presents an image of the macroetched solid extrudate upon inspection
using the stereomicroscope capable of low magnifications (1-7X). Figure 35 presents
higher magnification images of the two major areas studied: the heavy region and the thin
legs. After etching, microstructural gradients are evident from the grain contrast.
Figure 34: Macroetched sample of the solid extrudate.
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Figure 35: Higher magnifications of selected areas identified in Figure 34.
The same profile was etched in 5% HF acid for grain size/shape microanalysis.
The cross section in Figure 36 displays a bright ring (labeled as region II) just beneath the
outer surface that contrasts with the adjacent material. There appears to be five distinct
regions of microstructural features. Figure 37 presents a longitudinal view of sample 2;
this picture has the same grain-contrast variation·that was previously shown. Even using
this low magnification, some of the large grains can be resolved. To get a better
understanding ofthe grain structure and gradients higher magnifications are needed.
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Figure 36: Etched cross section photograph ofthe heavy region from the solid extrudate.
Figure 37: Longitudinal macro image of the smTIple 2 edge.
. I
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Figure 38 presents an image near the surface of sample 2 at higher magnification.
The individual grains of the first three regions with varying contrast can now be
discerned. There are small grains at the surface that are adjacent to large grains elongated
in the.extrusion direction (vertical for this picture). These grains decrease in size further
away from the edge. Figure 39 displays a similar location at double the magnification.
The grains just beneath the surface are very large relative to the surface microstructure.
Figure 38: Edge ofsample 2 displaying three different microstructural zones.
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Fignre 39: Edge of sample 2 at twice the magnification ofFigure 38.
In these pictures, the extrusion direction is vertical and the surface appears to the
right. Along the edge, there is a thin band, a row or two· deep, of small grains «50 Ilm)
that. penetrates less. that 100 Ilm into the sample. These grains comprise the area
previously described as Region I. Region II, adjacent to these grains, consists of very
large grains; some of which were discemable ~n the macrophotographs. These grains
average 150-250 Ilm wide, are elongated, and extend up to 500 Ilm in the extrusion
direction. This region has a total thickness ofup to 800 Ilm. As region II ends, the large
grains decrease in size and are replaced completely by small, nearly equiaxed grains (III).
'Figure 38 and 39, both taken of sample 2, were included in this document because they
accurately exemplify all of the samples and were the highest quality images as well. This
structural variation existed for all of the heavy region samples.
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Further into the sample, the small·grains of region III grow gradually until they
reach the center of ~e extrudate and attain their maximum size. Figure 40 shows an
image closer to ·the center than those previously presented (about halfway between the
\
edge and the vertical midplane of the sample), where the small grains being to grow. At
the dashed line there is a subtle change in brightness. The grains to the right are smaller
and appear somewhat brighter than those on the left half of the picture. This latter
observation will be explained later in conjunction with the analysis of the microhardness
measurements. Figure 41 was taken from the center· of the profile where the grains
achieve another maximum in size. The grains in this figure are slightly elongated in
horizontal direction because this image was taken from sample 6 where the extrusion
direction was oriented horizontally in the picture.
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Figure 40: Transition from small to larger grains near the center ofsample 3.
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Figure 41: Maximum grain size found at the center ofthe profi1e~
The·changes in grain size are not limited to those samples observed from the
z-direction. Microstructural gradients occur due to the localized deformation near any
surface: side or top. Figure 42 was taken from Sample 6 and displays the variation in
grain size/shape from the top surface of the part towards the center. Therefore, the effect
is combined when examining the cross section of the shape diagonally from the comer
and moving towards the center. Figure 43 presents an image of the cross section and
shows the microstructural variation from the side and top surfaces. The combined effect
of both surfaces is also illustrated in Figure 36, the large macro image of the cross
section.
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Figure 42: Microstructural gradients near the top surface.
Figure 43: Grains grow in both the vertical and horizontal directions towards the center
ofthe extrudate.
The microstructure of the legs was fairly consistent and did not display the strong
gradients present in the larger, heavy section. Figure 44 presents an image from the cross
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section of the legs. Small equiaxed grains dominate the microstructure. There are some
relative variations that resemble regions I, II, and ill from the heavy section. The.
deviation in grain size. is much smaller relative to the extreme differences found in the
heavy region microstructures.
Figure 44: Typical microstructure ofthe thin legs.
3.1.2 Microhardness Measurements
As mentioned before, the strength of the individual grains was determined with·
microhardness measurements. A general pattern was established based upon data
received from several tests of all samples. Qualifications from hardness measurements
were based on relative values from the same part. Initially, the tested path was measured
from one side edge completely across the sample to other edge. Subsequent tests were
terminated at the center of the profile, because of its vertical symmetry. Microhardness
. as a function ofdistance from the surface for sample 2 is plotted in Figure 45.
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Figure 45: Microhardness traverse taken halfway across sample 2.
This.microhardness trend also applies to the vertical direction where the same
grain structure variation was present as that found in the horizontal traverse. Figure 46
displays a microhardness path tested from top surface of sample 7. When moving
vertically greater care should be taken to know the distance from the top surface because
the top and bottom of the part are asymmetrical unlike the two sides, which are
equivalent.
Three microhardness traverses were conducted across the cross section of the
legs. These measurements, along with the average, are shown in Figure 47. An average
value of between 120 and ·130 was obtained for most points. The test paths spanned the
entire width of the legs, which should be relatively symmetric. No well-defined trend
was observed.
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Figure 46: Microhardness traverse taken vertically down sample 7.
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~. Figure 47: Microhardnesstraverses taken across a thin leg.
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3.1.3 EBSD Analysis
The·texture and grain structure at the surface layers of the extruded profile were also
examined. The major objective was to investigate specific deformation regions (in terms
of crystallographic structure) along the path of the metal flow. The principal areas of
study involve the surface regions that have been previously defined in Figure 28. Surface
regions from the heavy section and thin legs were examined to understand the differences
between the textures created by choke and parallel bearing lands. Pole figures identified
those orientations that occur regularly, i.e. texture. The results show strong texture for the
thin leg areas,but a more random distribution for the heavy section.
The pole figures for the cross section of the legs (Sample B), are seen in Figure 48.
Orientation scans were repeated in different areas ofthe thin regions and similar results
were obtained. Figure 49 shows the secondary electron image of the leg where an
orientation scan was performed. The pole figures demonstrate a strong maximum at the
center and a weaker signal around the periphery. This is typical of the <100> fiber
texture. Grains are oriented in multiple orientations about the extrusion axis, [100]. The
most common plane-direction combination is the cube texture, (001)[100].
100
RD
110
Figure 48: Typical pole figures for an area scan from the thin legs (high SN).
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Figure 49: (a) Secondary .electron image displays the scanned area
(b) 100 pole figure for the area shown in (a)
(c) inverse pole figure (IPF) grain map and the associated color key.
Figure 50 presents pole figures from a longitudinal section of the leg (sample E).
The NO is no longer coincident with the extrusion direction, which was aligned with TD
for this sample. Since NO (observation direction) is the z-axis, this is the 001 pole figure
and RD is the y or [010] direction. The 001 pole figure displays a weaker intensity
vertically through the center of the diagram and strong texture present to the east and
west side of the "globe", representative of the [100] and [-100] directions, which
correspond to the extrusion direction. Figure 48 and 50 display consistent results and
show the rotations of the pole figures caused by the translation of the specimen in the
microscope. Both figures describe the same <100> texture.
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Figure50: Pole figures from an EBSD scan from a longitudinal section ofthe legs (E).
To accommodate the change in the beam direction, the EBSD software allows a
rotation of the data about the three orthogonal axes (ND, RD, andTD). To confirm that
the two sets of figures are consistent, the pole figures from the longitudinal samples
examined from the z-direction (Figure 50) can be rotated to match the pole figure
recorded from the x-direction (Figure 48). Because the way the sample was set up in the
microscope, the rotation must be accomplished by two separate 90° rotations. These may
be performed in any of the following orders: 90° about ND followed by 90° about TD,
TD followed by RD, or RD followed by ND. These rotations are summarized in
Figure 51. The left hand pole figure represents the axes when the longitudinal legs (E) or
side (C) of the part was examined (looking down the z-axis, from above) and the right
hand side presents the original pole figure setup when looking along the extrusion axis at
the cross section (samples A and B). The rotated data is presented in Figure 52; the pole
figures accurately reproduce the previous experiments results given in Figure 48.
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1st 90° rotation 2nd 90° rotation
I---J<--!Z
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J-.TD
ND
Figure 51: Two rotations are needed to return the longitudinal leg (E) and side (C)
results to the original coordinate axes.
100 110
Figure 52: Orientation data from Figure 50 was given two 90° rotations to align the
extrusion direction with ND. Results give good agreement to Figure 48.
One set ofpole figures for the cross section sample (A) ofthe bulk (heavy) area is
shown in Figure 53. The pole figures resemble those previously given, but rotated 45°
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around the NO. This is mown as the cube-on-edge, or Goss texture, (011)[100]. The
intensities in the pole figures are lower than the values in the legs' pole figures previously
presented. However, these values are much higher than for a random distribution and
indicate a preferred orientation. Additional scans produced more pole figures that had
lower intensity values, but still included concentrations at the same orientations.
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Figure 53: Pole figures for the surface texture ofthe heavy region.
For this section, pole figures were generated from longitudinal sections as well.
The pole figures shown in Figure 54 were from top of the sample (sample D). Theyare
comparable to the results from the sides (C), which were extruded using the same die
design (choke bearing land). The same [100] and [-100] poles to the east and west have
high intensities, but there are additional preferred orientations near the [011] and [01-1]
directions of the same figure. Neither of these textures is as strong as that found in the
leg section.
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Figure 54: Pole figures for the top (0) ofthe heavy region measured from a longitudinal
section.
To examine the top section (sample D)" the sample was studied from the
y-direction; therefore, the (010) pole figure is being analyzed. The sample was aligned
such that the extrusion direction, [100], is the TD. As shown in Figure 55, the data from
the longitudinal sample only needs to be rotated once about the RD by 90° to acquire
pole figures consistent with the cross section results. The rotated data from the
longitudinal top sample found in Figure 56 compares well with the original data from the
cross section (Figure 53). There is good correlation in the 100 pole figures; however, the
rotated 110 pole figure lacks the small intensity in the center region that was previously
observed.
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Figure 55: One 90° rotation is needed to return the longitudinal top (0) results to the
original coordinate axes.
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Figure 56: Data from Figure 54 was rotated 90° about RD to comparewith Figure 53.
The results of the surface texture analysis are summarized in Table IV. The legs
had a very strong cube texture; whereas the heavy section had a weaker Goss texture.
The "texture strength" listed in the chart has been quantified by averaging the maximum
intensity on the scale from the three pole figures for each region listed in this document.
The intensities associated with each pole figure are colored depending on the probability
of a particular orientation. The value listed is the number of times that orientation will
appear with respect to a completely random texture. For a perfectly random distribution,
all orientations will appear with equal likelihood, .and the pole figure will have an even
intensity of 1.00 with no concentrated areas. The presence of texture multiplies the
probability of a grain having a particular orientation.
tturf11 fi thfthT bI IV Sa e . ummaryo e resu ts or e sur ace tex eexpenmen s.
Bearing Texture
Fie. # Reeion Land SN Stren2th Texture
-
48,50,52 legs parallel high strong Cube(12.89) (001)[100]
53,54,56 heavy choke low medium Goss(7.93) (011)[100]
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3.2 Experimental Extrusion Weld
3.2.1 LOM Investigation
The macroetched.rectangular extrudate containing the longitudinal· weld seam is
shown in .Figure 57. The weld is clearly visible in the center of the part. Once again,
more information.is obtained by examining the part after etching it in 5% HF, which was
done for microstructural analysis. After etching samples 9-12, the weld region can be
easily identified. Figure 58 presents a macro image of sample 9, the cross section of the
experimental extrudate containing the weld. Many large grains can be visually inspected
with the naked eye. For some vertical distances, very·large grains exist in the vicinity of
the weld, while for other heights no grains appear. A bright line is present at the vertical
centerline for some locations.
Figure 57: Macroetched rectangular welded extrudate.
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Figure 58: Sample 9, cut from the cross section of the welde~ sample. The dark
rectangle indicates the full with of the extruded profile.
Longitudinal sections provide additional information. Figure 59, from sample 12,
the vertical midpoint, displays very large grains at the weld. interface. However,
Figure 60, sectioned approximately one-quarter distance (6 mm)from the top surface,
exhibits a lack of grain structure at the center. In general, there is a bright thin strip of
material through the center and a darker undefined region on either side that is
surrounded by large grains.
Figure 59: Weld region of sample 12 showing very large grains at the weld interface.
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Figure 60: Weld region of sample 11 shows a lack of grain structure at the weld
interface.
Figure 61, taken from- sample 9, displays the typical microstructure at distances
far away from the weld. Grains vary in size from 50 to 400 J.l.m in diameter and are near-
equiaxed. Figure 62 is a micrograph taken from sample 9 at the weld. This image
reveals few large grains, and areas with fme grains. intermixed with an "unstructured"
region that does not display any grain boundaries. Since extrusion welds undergo
subsequent deformation after they are formed, the metal streams blend together. There is
no definitive weld line at the center, which is typical of traditionally welded
microstructures.
Figure 61: Grain structure ofthe parent metal (at distances far from the weld).
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Figure 62: Center ofthe profile" showing characteristics ofthe weld region.
Figures 63-65 are composite images that span the entire weld region and
accurately reflect what was depicted in the ,macro photographs' (Figures 58-60).
Figure 63, taken from sample 9, shows the typical microstructural features of the
weldment, pressure affected zone (PAZ), and the parent metal. Because of the nature of
longitudinal extrusion welds formed with porthole dies, the materials surrounding the
weld is known as the PAZ because the weld does not involve the traditional local melting
ofmaterial that leadsto the normalheat affected zone (HAZ).
The weld microstructure of sample 9 is bounded by very large grains and consists
of an area possessing both fine grains and an unstructured region. The vertical bright line
at the weld in Figure 58 corresponds to the area containing small grains, at the center of
the weld. Adjacent to these grains is the unstructured region that does not contain any
boundaries. The PAZ consists of large grains that diminish in size to that of the parent
material.
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Figure 63: Extrusion weld and the surroUnding areas from sample 9.
The images presented in Figure 64'and 65 are pictures from samples 12 and 11,
respectively. The microstructure of sample 12 is dominated by very large grains and has
a very small, if any, area consisting of both fine grains and an unstructured region. This
is consistent with the macro image of Figure 59. Figure 64 is taken from sample 11, a
longitudinal area 6 rom from the top surface. The weldment atthis location spans a much
larger area than for sample 12. The center of the specimen that appears bright in the
macro photograph (Figure 60) correlates to an area containing small grains, which exists
at the center of the weld. On either side is an unstructured region that does not contain
any grain boundaries. The large grains that appear are typical for a PAZ. Once again,
they decrease in. size at distances further from the weld.
Figure 64: Extrusion weld and the surrounding areas from sample 12.
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Figure 65: Extrusion weld and the surrounding areaS from sample 11.
3.2.2 Microhardness Measurements
Microhardness measurements were tested for the welded sample to comment on
the integrity ofweld. The average microhardness for the parent metal was taken. far away
from the weld to avoid any effects of the weld and PAZ. Four measurements were taken
for each sample and are plotted in Figure 66 along with the average value of22.9 HK.
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Figure 66: Measurements of the microhardness for grains located far from the weld
interface.
For each sample, several microhardness passes were taken across the weld region.
The average measurements are shown on the graphs (see Figures 67-69). Figure 67
shows a microhardness traverse across the weld for sample 9 (cross section) and
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Figure 68 displays results from measurements of sample .11. Although the graphs appear
different, both are reasonable when comparing the .data to the microstructures. Next to ..
the weld both samples have low microhardness due to the very large grains of the PAZ.
For sample 9, the hardness rises when the measurement is recorded on an area that is
lacking a grain structure. The particular horizontal testing paths were performed across a
region that was "unstructured" at the weld interface. For sample 11, as shown in Figure
65, there is a large unstructured region, but in the center of the weld small and some
medium-sized grains are present. These will have a higher hardness than the material in
the PAZ, but lower than the unstructured metal it is adjacent to. Hence there is a local
minimum at the weld interface where a fine/medium grain structure exists. Figure 69
was tested from Sample 12. The weld region atthis height consists solely oflarge grains
and is therefore the weakest area ofthe extrudate.
. Sample #9
2'
:::c
-
- -4.5 o 4.5
Distance from weld (mm)
9
Figure 67: Microhardness from weld region of sample 9.
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Figure68: Microhardness from weld region ofsample 11.
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Figure 69: Microhardness from weld region of sample 12..
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3.2.3 EBSD Analysis
The EBSDresults for the experimental die weld sample are illustrated by the pole
figures in Figure 70. The grain map in Figure 71 explains the initial results, which
display two distinct textures. There are two large areas on either side of the weld
possessing a Goss texture, (011)[100]; in fact, these are simply very large grains. A
medium-sized grain within the weld zone has a <111> orientation. The "unstructured"
region (as it was previously described) is actually comprised of small grains that were not
observable in the LOM images with the etching time and solution used. Upon initial
inspection, it appears these grains had a mixed orientation. Further investigation of these
small grains recorded at higher magnification revealed·a propensity for these grains to
develop a cube-on-edge texture shown in Figures 72 and 73. Similar to the previous
results, several <111> oriented grains also existed. The miscolored points on Figure 73
are areas where the EBSD software did not correctly index the BKP. Most of these
points occur at grain boundaries where the dislocation density is high.
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Figure 70: Pole figures for the experimental sample containing the longitudinal weld.
Note the two distinct textures, <100>and <111>.
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<100> <111> <mixed orientations> <100>
Figure 71: Grain map displaying 2 distinct textures and a mixed orientation distribution.
Figure72: Pole figures for a large EBSD scan found in Figure 73. A rotated (45°) cube
texture is preferred.
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Figure 73: An IFF grain map indicating a strong <100> texture.
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3.3 Industrial Extrusion Weld
3.3.1 LOM Investigation
Figure 74 presents the image of the macroetched industrial welded extrudate.
This picture is very useful because it shows the grain flow and clearly defines the
location of the extrusion weld diagonally from the upper right to the lower left.
Figure 75, the sample etched for microanalysis, also presents the weld very clearly.
Large grains exist at the center of the weld. The grain size decreases when moving away
from the center of the piece towards the edges, where deformation is highest due to
localized deformation.
Figure 74: Photograph ofthe macroetched industrial welded sample.
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Figure 75: Image of the weld cross section after it has been etched for microstructural
analysis. .
This sample was studied primarily for the orientation information. However,
LOM images were acquired to gain an initial understanding of the range of grain sizes.
Composite LOM images halfway across the top (near the corner), middle (M), and
bottom (near the hole) of the welded region are shown in Figures 76-78. In addition, the
images across the longitudinal microstructure at M are shown in Figure 79.
Microhardness tests, shown in Figure 80, were performed across the longitudinal sample
to see the difference in mechanical properties between the grains of this sample vs. the
experimental welded piece. The jndustrial sample's grains have a high hardness relative
to the experimental profile previously studied. There is little variation across the weld.
Most measurements varied only slightly from the average of 130 HK.
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Figure 76: Composite LOM images that
span half the weld region; taken from the
top comer of the piece.
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Figure 77:. Composite LOM images
that span half the weld region; taken
at the mid-section of the welded region.
Figure 78: Composite LOM images that
span half the weld region; taken from the
bottom of the weld near the hole.
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Figure 79: Composite LOM images
that span half the weld region, taken
from a longitudinal specimen at the
mid-section ofthe weld.
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Figure 80: Microhardness measurements taken across the industrial weld sample.
3.3.2 EBSD.Analysis
The EBSD analysis is· shown in Figures 81 and 82. The pole figures in Figure 81
indicate a strong cube texture, (001)[100]. The inverse pole figure grain map shown in
Figure 82 indicates that this <100> texture exists on either side of the weld as well as
within the weld. The larger grains observed in the wdd region possess the same texture
as the surrounding material. Figure 82 was "cleaned" by editing the mislabeled points.
The points that were incorrectly indexed were re-colored with the average color of the
four surrounding points (up, down, left, and right).
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Figure 81: Pole figures for EBSD scan across the middle ofthe weld.
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Figure 82: IFF grain map displaying larger grains in the weld region and a consistent
<100> texture.
89
4.0 DISCUSSION
4.1 Solid Extrudate
4.1.1 Microstructural Gradients
Localized deformation due to geometrical factors causes structural differences to
appear across the profile of a finished product having a complex shape. The distribution
ofgrain size, shape, and texture in the material layers .depends on strain. Strain varies as
a function of position and increases as the distance from the center of the part increases.
Thus, the localized deformation is highest at the surface for thick extrudates.
After microetching, 5 different zones appeared in the heavy region of the solid
extrudate. These zones have differences in the size and shape of the grains. The
brightness also varies, which is·a product ofhow the etchant functions. Those grains that
appear darker would have been attacked more by the etchant meaning they have higher
energy, most likely due to the deformation or high dislocation density.
Microhardness tests were only taken across half of the samples because the shape
was vertically symmetric. It should be noted that the local maximum of the
microhardness results from sample 2 was only about 89 ± 2 whereas the local minimum
for sample 7 was 106 ± 2. These two numbers should coincide since this is
approximately where the horizontal and vertical passes would intersect. Because the
microhardness tests were taken from different directions the orientations of the grains
influence the mechanical properties and may lead to this discrepancy. Additional
comments on the absolute determination ofmicrohardness measurements appear later.
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Microhardness tests were performed across sample 3 as well. The graph·shape is
analogous to that of sample '2. However, all values are approximately 10 HK higher.
Using the deviation in the microhardness from· vertical paths as a guide, sample 2 was
likely sectioned at the minimum position, while sample 3, which is from further away
from the top surface, and has higher strength.. The shape of the plots for samples 2 and 3
,
is comparable because the variations from the side surfaces are similar. The 10 HK
difference in values accounts· for the influence.on hardness from the top surface.
Sufficient microhardness measurements were taken in this research to confidently
establish general trends for the strength of the grains as a function of distance from the
surface. However, inadequate measurements were recorded to be certain of the accuracy
of the absolute microhardness values. To improve the smoothness and increase the
confidence and statistical accuracy of the results, more measurements should be taken for
each distance and the data averaged. Multiple samples would give an increased number
of measurements; however, it would be difficult to confirm that the samples were taken
from the exact same locations.
The microhardness plots appear jagged at times because measurements were
recorded for macro-distances, i.e. the x-axis scale was plotted in mm. Therefore, the size
of the grains are very small relative to the distance between sampling points. Many
grains exist between the plotted points, and were not tested. An increased nUmber of
measurements at intermediate distances would smooth the shape ofthe curves.
The microhardness results should be used as a qualitative analysis to determine
relative variations while a smaller significance should be placed on the absolute
quantitative values. There are many variables associated with hot deformed samples as
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well as the Knoop microhardness test itself Complex thermal and mechanical processing
conditions are necessary to form the metal into the final product's shape. Microstructures
can vary significantly on a local level even if microhardness tests are taken at similar
locations on the same part. The number and spatial distribution of strengthening
precipitates and their orientation have the largest influence on microhardness results.
These properties may vary even for grains in close proximity. Microhardness
discrepancies are also present due to changes in the grain size, shape, and orientation.
The locations of the hardness indents relative to the grain boundaries affect results. This
consideration becomes increasingly important as the grain size decreases.
The Knoop microhardness indenter requires accurate measurement of the
elongated axis only. Imprecise measurements are possible, especially with the poor
resolution camera· linked to the computer measurement system that was .used. In
addition, the usually sharp indent corners may be poorly defined when it coincides with a
precipitate or other inclusion. Both of these factors limit the accuracy of the Knoop
microhardness test. A Vickers square indenter requires all four corners of the diamond
indent to the measured and is thus more accurate, but also more time consuming. It was
assumed these variations due to testing were consistent for all measurements, and thus the
same relative trend is preserved.
In order to understand what the microhardness values signify, it is necessary to
correlate these results to the microstructuratfe_atures provided by the LOM images. This
is done in Figure 83. Microhardness measurements across the sample are compared to a:
macro photograph taken with the stereomicroscope. The combined microhardness and
microstructure are used to characterize and describe the metallurgical states ofthe grains.
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Figure 83: Correlation between the microhardness and microstructure ofsample 2.
The high hardness at the surface is due to the. small, heavily deformed grains
(zone I). This high strain originates from the surface material's interaction with the die
bearing lands and the long path the material travels from the highly strained intensive
shear zone in the billet. These grains need to accommodate the misfit between the grains
below the surface and are in the shape needed to produce the exact dimensions/geometry
of the part. The low microhardness measurements that follow are associated with the
large grains that appear below the surface (II). Due·to their size and low hardness values
it is a reasonable assumption to conclude that these grains have recrystallized and have
gone through significant grain growth. Recrystallization and grain growth occur due to
the large increase in temperature during the extrusion process. Because of the high
deformation of the exterior grains, the temperature increase will be the highest closer to
the surface. Zone III grains have been recrystallized but have higher hardness values
than II because of their smaller grains size.
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Zone IV are also small grains, but appear darker in the macro· images and have a
higher microhardness. The higher strain energy results in a darker appearance because
they have been attacked more by the etchant. These grains have been deformed, but did
not recrystallize. There is a gradient in the amount of recovery the grains undergo. The
grains. increase· in size and decrease in hardness closer to the center of the profile, where
they achieve their maximum size (zone V). These grains are ,similar in shape to those of
the cast structure. The innermost grains undergo much lower deformation and strain than
those further away from the center.
The moving average curve of the microhardness measurements was modified
slightly to remove the rough, jagged points, and produce the smooth shape that is
expected. The curve should'be continuous because there is no strict delineation between
the microstructural regions II-V, but a subtle change from one grain structure to another.
However there is a sharp transition between I, the ·deformed surface grains, and II, the
large grain growth region. This shift occurs at about 100 J.lm (thickness of about 2 layers
ofsurface grains) from the edge.
The microstructure of the legs was fairly consistent. The average microhardness
was .around 123 HK. These grains are smaller than those of the heavy section and did not
undergo any grain growth. In addition, .the leg underwent significantly more
deformation. To form these sections, due to their shape, heavy redundant deformation
was induced creating an increase in temperature resulting in recrystallization and a strong
texture.
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4.1.2 Recrystallization Behavior
The heavy section showed considerable variation in grain size and hardness due to
the tendency for, the outer grains to recover and recrystallize, whereas the inner grains
were as deformed. The heat generated bylocal deformation near the surface could not be
dissipated. However, questionably, the material at the very surface did not recrystallize.
There are several reasons that may explain this. First, these grains may have initially
recrystallized but were subsequently deformed to have the misfit shape between the inner
grains and the product dimensions.
It is also probable that the material forming the very surface ·did not·come from
the high-energy intensive shear zone but instead was a small amount of material that
originated from the dead metal zone (DMZ). and slowly "leaked" out. This is
demonstrated by the visioplasticity modeling shown previously in Figure 14. In this
picture, there is a thin layer of light colored material at the surface that may have
originated from the DMZ. The DMZ material has low strain and does not provide the
necessary driving force for recrystallization.
A third reason is associated with the specific alloy itself. 6xxx alloys are highly
quench sensitive. It is possible that the extrudate had been incompletely quenched, the
outside surface was cooled properly, but for only a short time so 'that the cooling
penetration was low. Perhaps this was the desired condition for the product, similar to .
case hardened steels which have a high surface hardness., No information was given by
the company about the cooling conditions for this extrudate.
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4.1.3 Texture Formation
It is important to understand which die characteristics influence the_ metal flow
and the resulting texture. There are other means for correction such as die layout
(extrudate placement with relationship to center position), changing the length of the
bearing lands, or adding feeder plates, in order to manipulate the amount ofwork done by
friction. The avoidance of significant microstructural gradients in the' extrudate
contributes to achieving optimum mechanical properties.
Strain localization modifies the microstructure and contributes to the development
of the material anisotropy caused by texture formation.48 When a polycrystalline metal
plastically deforms, the crystallites are rotated' with the crystal slip, and their
crystallographic orientation tends to be partially aligned depending on the flow geometry
and magnitude. This partial alignment is called preferred orientation or texture.49
The grains of the highly deformed leg have recrystallized butdid not grow. They
are equiaxed in shape and possess a cube texture, (001)[100]. The surface of the heavy'
section possesses the Goss texture component (011)[100]. The deformed,
unrecrystallized surface grains have undergone significant shear and compression forces.
Material that is formed by a choke bearing land continues to undergo deformation
while passing through the die orifice. It was incorrectly believed that the heavy section
would have a stronger surface texture; however, this was not the case. Therefore, it is
necessary to consider other factors that may influence the metal flow characteristics and
grain alignment since the cause of texture cannot be solely linked to the die bearing
angle. The legs, because of their high SN, experience high strain localization, which
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results in a stronger texture. The fact that this section undergoes a greater reduction in
cross section from the billet is captured by the localized extrusion ratio.
. The localized extrusion ratio is illustrated in Figure 84. .The localized extrusion
ratio is the extrusion ratio, R, that exists if only a particular segment of the extrudate is.
considered.50 The heavy section (ll), which is·formed by a choke bearing land to slow
the metal flow, is closer in size to the billet than the legs (ill). The localized extrusion
ratio for the heavy section is therefore much lower than the ratio for the leg section. The
material forming the leg undergoes heavy localized deformation and thus has a strong
texture. The localized extrusion ratio describes the· amount of deformation that a
particular segment of an extrudate will receive. A large localized extrusion ratio
indicates high deformation, and predicts a strong texture for the particular extrudate
section.
billet area _ white + grayRi = area ofpiece - white
Figure 84: Demonstration ofthe localized extrusion ratio.50
The cause of texture is partially due to the non-uniform deformation (measured by
the redundant work) that exists in the extrusion process. At high plastic strain,
heterogeneous deformation exists and is accompanied by the development of shear bands.
Strong texture will exist at the surface where redundant deformation is the highest,51-52
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Grains' structure and orientation may change from the inside of the extrudate radially
--
outwards towards the surface. The center of the extrudate may not be deformed at all in
some cases of low extrusion ratiosP
. 4.2 Experimental Extrusion Weld
4.2.1 Microstructural Gradients
It is important to compare the microhardness results to the microstructures of the
areas where· the measurements were recorded. Surrounding the weld, all the samples
studied possessed low microhardness due to the very large grains of thePAZ. The
hardness then rises when the test was performed on an area that is "unstructured". The
particular horizontal traverse taken across the weld interface of sample 9 was tested
. across such an "unstructured" region. Therefore, there is one maXimum at the center of
the weld. For sample 11, as shown in Figure 65, there is a large unstructured region
surrounding some medium-sized grains present at the center of the weld. These grains
have a higher hardness than the'material in the PAZ but lower than the unstructured metal
it is adjacent to. Hence, there is a local minimum at the center, where a structure exists,
between two local maximums on either side of the weld for the unstructured regions. For
sample 12, the weld consists solely of large grains; thus it is the weakest area of the
extrudate. The microhardness plots display a minimum at the center of the weld.
It was discovered later using the SEM and EBSD that the "unstructured" region,
which appeared'using LOM, was actually composed of fine-sized grains. This area has a
high relative microhardness because the indents span across several grain boundaries.
98
These boundaries, which did not appear using LOM, were unavoidable. The grains are
too small to accommodate the size of the Knoop indenter for the given load.
The hardness values ranged from 18 to 28 IlK, which is extremely soft. This can
be attributed to two factors: recrystallization and low deformation. Because hollow
profiles are essentially extruded twice (as described according to Akeret21), it is expected
that a fine, highly-deformed grain structure would be present at the weld. The deformed
outside grains of the initial extrusion (through the ports of the die that divide the metal
streams) form the weld. These fine grains have high energy and are easily recrystallized.
Hence, at the center height of the weld, fine grains exist. Further to the tqp and bottom of
the extrudate, the weld consists of large grains. These grains originate from the comers
of the initial extrusion and possess even more energy (greater localized deformation) and
hence large grain growth occurs.
For this profile, the grains at the weld interface have recrystallized and are not
highly deformed. The extremely low reduction ratio (9.2) for this experimental profile
implies that this piece lacks the large deformation oftypical extrusion processes.
4.2.2 .Texture Analysis
In a porthole die, the metal streams follow a comparable path; thus, the
microstructure on either side of the weld should have similar orientations. Dissimilar
..-----)
microtextures may indicate problems with the die design or process conditions. This
investigative practice indicates EBSD's performance as a quality control device. Dies
that have not been designed properly fail to provide for the ideal metal flow patterns,
which would result in an inferior weld with sub-standard mechanical properties and poor
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sW'face quality. An uneven buildup ofmaterial within the die will cause a disparity in the
velocity of the metal streams; different textures. result, indicating that the die requires
cleaning.. After extended use, a die that has WOrn preferentially at particular sections will
also alter local orientations.
The EBSD results for the experimental weld extrudate are found in Figures 70-73.
The ,pole figures found in Figure 70 display two distinct textures present. A strong Goss
texture exists and there is a weaker population of <111> oriel1:tations. The grain map in
Figure 71 explains this. Both sides of the weld show the <100> crystal alignment.
Grains on either side of the extrusion weld have comparable paths through the porthole
die and are formed by the same die characteristics; therefore, they should have similar
textures and properties. Inside the weld area, a separate <111>'fraction appears. Next
to this area, the very small grains, which appear as an unstructured region in the LOM
images, also have a dominant Goss texture with a smaller <111> fraction as well. The
extrusion ratio for this extrudate was very low (R =9.2) and only small strains are present
in the grains. The grains may have recrystallized and subsequently deformed to acquire
the cube-on-edge texture.
Characteristics of the material flow are substantially influenced by the area
reduction. Lower reductions, as seen in the solid test shape, may allow material streams
with different velocities to enter the die orifice before completely welding. This leads to
poor mechanical properties, evident in the low microhardness results. Industrial
applications implement greater reductions, which allow the streams to flow together and
join in time to weld properly.
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4.3 Industrial Extrusion Weld
4.3.1 Microstructural Gradients
The LOM images of the industrial welded sample reveal small microstructural
gradients present in the size ofthe grains. The exterior grains are smallest dueto the high
localized deformation. The center of the weld possesses the largest grains; this was
consistent for the entire length of the weld. Typical average microhardness
measurements for the tested points were about 130 HK. with small percentage variations.
These values are much higher than the experimental weld. The sizeable difference is due
to the large discrepancy in overall deformation. Industrial practices typically have large
extrusion ratios, using very high strain to form the part into the desired shape. The
complexity ofthe shape will also compound the already high localized deformation.
. A good adhesive bond is achieved by increasing the reduction to a certain
minimum value where metallurgical bonding takes place on the atomic scale. In
principle, a fraction as large as possible of the total strain from billet to shape should take
place after the streams of metal have encountered each other in the weld chambers. This
increases deformation and produces a uniform microstructure beneficial for improved
. .
mechanical properties. The complex.profile produced under industrial extrusion process
conditions had a continuous cube texture across the seam weld.
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4.4 Electron Backscatter Diffraction
4.4.1 Accuracy of EBSD Technique
EBSD is a proven technique; the automated crystallographic orientation
microscopy (ACOM) is an appropriate tool for texture analysis and stereographic
evaluation. Figure 85 compares the secondary electron image from the SEM to the
computer generated grain map from the EBSD data. There is a strong correlation
between these two images, the outline of the grains accurately match as well as the
multiple scratches on the surface. The scratches are areas of high deformation and thus
the computer is unable to properly index the pattern due to the low image quality of the
EBSD pattern. Because of the high local concentration of dislocations, the grain
boundaries also appear darker than areas within the grains. There are a few points within
the grains that are darker than the surrounding material. It is believed that there are large
precipitates or inclusions.
scratch
grain
,boundary
Figure 85: Secondary electron image and the corresponding EBSD grain map.
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Figure 86 presents another grain map microstructure constructed by the EBSD
system. This area depicts· the large grains just beneath the surface from the heavy section
of the solid extrudate; these grains have undergone grain growth. The surface of the part
appears to the right and is darker in grayscale indicating higher deformation. Again,the
computer-generated picture closely resembles images from the SEM or LOM.
72.00 IJm =20 steps Continuous IQ 31.3•••76.9
Figure 86: EBSD grain map of the large grains beneath the surface of the heavy section
from the solid extrudate.
4.5 Future Work
4.5.1 Microtexture Gradients
This thesis presents the microstructural gradients that occur due to localized
deformation. The variations due to geometrical differences were evaluated on the basis
of grain size, shape, and microhardness; The microtexture was only evaluated at the
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surface to determine the influence ofdifferent die bearing lands. Using EBSD, several
area scans could be, set up such that the orientation of the grains is completely reported as
a function ofdistance from the side and top surface.
In addition, it was stated that the center grains in the heavy section of the solid
extrudate would resemble those of the cast microstructure because they are not as heavily
worked as the surface material. An orientation investigation could 'be' done on·a cast
billet slice before it is extruded to compare the orientations before and after the
deformation process. The EBSD results are also capable of simultaneously reporting
statistics on the size and shape ofthe cast grains.
4.5.2 Comparison of Deformation Percentages
Both welded sampl~s reveal a recrystallized microstructure, however the .test
s~ple is very soft due to its low extrusion ratio. The analysis presented in this research
could be expanded to both welded and non-welded samples of similar shape, but
possessing different reduction ratios. This would isolate the deformation percentage
variable. Thus, the microstructure can be directly related to extrusion ratio.
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5.0 CONCLUSIONS
-
This research examined the response of 6xXx aluminum alloys to the extrusion
process. Localized deformation is a natural outcome of large strain plasticity and will
cause variation in metal flow leading to microstructural gradients, especially in the
production of complex shapes. This study encompasses the examination of localized
deformation as a result of geometrical differences and also microstructural variation due
to longitudinal extrusion welds. Three samples were studied: a solid extrudate with two
different regions of diverse surface area to volume ratios, a simple rectangular test sample
containing a longitudinal weld, and a complex industrial extrudate, also with a weld. The
characterization of the microstructure is very important to understand the deformation
mechanics of the extrusion process. LOM, microhardness tests, and EBSD were used to
measure the gradients in grain size, shape, mechanical properties, and microtexture.
Based upon the performed research, the results of this investigation can be summarized
by the following conclusions:
• The heavy region of the solid extrudate displays significant variation in both grain
size and microhardness from the exterior of the part to the center. The localized
strain is highest at the surface. These small exterior grains are highly deformed and
have high hardness. Beneath this layer, the grains have recrystallized, undergone
grain growth, and have a much lower microhardness. The hardness increases as the
grains decreastl in size and as the percentage of recrystallized material diminishes.
A local microhardness maximum is achieved. Closer to the center of the part, the
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grain size increases along with a corresponding decrease in the microhardness. The
surface grains ofthe heavy region possess a Goss texture, (011)[100].
• The legs of the solid extrudate are heavily deformed and .have completely
recrystallized. The grains are equiaxed and possess nearly uniform microhardness.
~ typical cube recrystallization texture results, (001)[100]. The surface texture is
influenced greater by the high amount of.deformation rather than by the· type of
bearing landused. This concept is described by the localized extrusion ratio.
• The simple rectangular extrudate that contains a longitudinal weld was extruded
under controlled test conditions and had a very low extrusion ratio. Localized
deformation existed.due to the presence of the extrusion weld. The microstructure
and strength of the weld varied greatly depending upon the vertical position
examined. The large grains, typical of the PAZ, possess the lowest relative
microhardness. The medium-sized grains at the center of the weld have a higher
hardness than the PAZ grains and those of the parent material (regions unaffected
by the weld). The fine grains, which appear as an unstructured region in the LOM
micrographs, possess the highest microhardness. The Goss texture dominated the
pole figures; however, a smaller fraction of <111> orientations also appeared for
some grains within the weld region.
• The complex welded sample underwent heavy deformation and had uniform high
microhardness values relative to the experimental rectangular extrudate. LOM
images show some variation in grain size across the piece. The microstructure was
composed of small grains towards the exterior with larger grains at the center of the
weld. The cube texture was a consistent across the part.
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• EBSD is an extremely important tool for the characterization of deformed
microstructures. Although there are some limitations, once these are understood the
technique may be successfully applied. The small differences in crystallographic
orientations among individual grains can be accurately determined.
• The amount of localized deformation greatly influences the formation of
microstructural gradients. The history of the deformation process determines the
microstructure of the final extrudate. There is a complex interaction between the
thermal and mechanical processes occurring· during the hot extrusion of 6xxx
aluminum alloys.
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